Introduction {#sec1}
============

Movement sequences form an essential part of behavior ([@ref65]; [@ref93]; [@ref55]). They prototypically manifest as quasirhythmic, consecutive patterns of either monotonous (e.g., finger tapping and walking) or more varied movement elements (e.g., speaking and handwriting). The cognitive-conceptual frame is thought to support goal-directed movement patterning, realized through higher-order representations of sequences and processes related to internal meaning of the movements ([@ref136]; [@ref56]; [@ref40]; [@ref80]; [@ref29]). Together with subcortical neural elements, such as the basal ganglia and cerebellum, the cerebral cortex contributes significantly to production of organized, meaningful movement sequences ([@ref46]; [@ref52]; [@ref118]). Both motor and cognitive aspects of these sequences are presumably implemented as dynamic interactions in multifocal, modularly organized networks of cortical regions (e.g., [@ref75]; [@ref7]; [@ref83]).

The present study examined how manipulation of motor and cognitive aspects of a movement sequence task manifests in long-range electrophysiological interactions of the human cortex, as measured with magnetoencephalography (MEG). Here, functional sensitivity of corticocortical connections during sequence production was examined by contrasting variants of a shared root task. We used handwriting as a naturalistic, yet experimentally controllable root task where a cognitive frame guides hand movements. In handwriting, the cognitive frame relates to a verbally coded sequence that is maintained in working memory (see [@ref18]; [@ref53]). The guidance of movement is presumably mediated through interaction between higher-order representations of the to-be-written sequence and concrete motor patterning, while the motor patterning as such proceeds relatively independently with its own memory buffering (see [@ref33]; [@ref18]; [@ref89]). A distinction between motor (also referred to as "peripheral") and cognitive ("central") levels of processing has been made for both written and spoken language production (e.g., [@ref89]; [@ref54]; [@ref107]). More generally, the cognitive architecture supporting sequential motor performance has been segregated into motor, cognitive, and sensory components ([@ref130]). In the context of handwriting, this type of division suggests distinct processes for hand coordination, maintenance of the cognitive frame in working memory, and representation of the phonological and visual aspects of written patterns.

We postulated here that these different processing levels broadly align with functio-anatomical subdivisions of the predominantly left-hemispheric representation of handwriting, as estimated on the basis of earlier neuroimaging research ([Fig. 1*A*](#f1){ref-type="fig"}). This notion is in accordance with general concepts of cortical modularity ([@ref23]; [@ref26]; [@ref7]). The pericentral subsystem (green; [Fig. 1*A*](#f1){ref-type="fig"}) associates tightly with hand coordination where the primary hand sensorimotor cortex (SMC) and the supplementary motor area (SMA) form a key substrate for producing movement sequences ([@ref118]; [@ref47]; [@ref84]). The dorsal premotor (dPM; so-called Exner's area) and anterior parietal cortices have been associated with spatiomotor specification of writing patterns ([@ref94]; [@ref61]; [@ref116]; [@ref100]; [@ref60]), whereas the ventral premotor (vPM) and inferior parietal cortices may contribute to phoneme-to-grapheme conversion ([@ref1]; [@ref78]; [@ref116]) and to tool-use in handwriting (cf. [@ref92]; [@ref57]). The frontoparietal subsystem (blue; [Fig. 1*A*](#f1){ref-type="fig"}) that includes the associative inferior frontal and intraparietal cortices links with domain-general, cognitive-executive processing ([@ref31]; [@ref5]; [@ref26]). This subsystem supports core operations of working memory ([@ref99]), including short-term verbal maintenance ([@ref10]) and is well suited for representing the cognitive frame of movement sequences (cf. [@ref56]; [@ref40]; [@ref113]). The perisylvian-occipital subsystem (red; [Fig. 1*A*](#f1){ref-type="fig"}) is critically involved in the linguistic and sensory aspects of written language ([@ref89]; [@ref28]; see also [@ref125]; [@ref36]): the posterior temporal cortex has been identified as a key site for phonological and semantic processes as well as audiovisual letter-sound integration ([@ref91]; [@ref126]; [@ref101]), while the inferior occipitotemporal cortex crucially represents visual language forms ([@ref119]; [@ref28]; [@ref49]).

![Hypothesized cortical system and experimental paradigm. (*A*) Estimation of the pericentral (green shade), frontoparietal (blue) and perisylvian-occipital (red) divisions of the cortex postulated to support handwriting in the left hemisphere (inset displays the dorsal medial view). Colored dots indicate the reference points derived from neuroimaging literature (as cited in the Methods). Dashed lines indicate the central and intraparietal sulci. dPM; IFC, inferior frontal cortex; IOTC, inferior occipitotemporal cortex; IPL, inferior parietal lobe; IPS, intraparietal sulcus; POper, parietal operculum; SMA; SMC, primary sensorimotor cortex; SPL, superior parietal lobe; STC, superior temporal cortex; vPM. (*B*) Schematic illustration of the hypothetical network system for handwriting consisting of the pericentral (hand coordination), frontoparietal (core working memory), and perisylvian-occipital (audiovisual language) subsystems. Nodal regions (circles) interact through coherent signaling (bidirectional arrows) within and between the subsystems. The pericentral module forms a control loop with the arm musculature. (*C*) In a delayed dictation-to-writing/audio cue-to-movement paradigm, the subjects first memorized sentences or auditory pattern cues and, right after, produced corresponding movements. The tasks included RW; LW; PD; and repetitive LD where nonsense scramble stimuli did not offer guidance for the movement. Timeline of a single experimental trial is presented under the task descriptions (WS, warning signal; GO, signal for starting the movement). (An example Finnish sentence \[in RW\] translates as "The herd seeks shelter".) The emphasis of task-associated motor and cognitive processes in each task is depicted below.](bhz210f1){#f1}

These functionally specialized clusters of regions ([Fig. 1*A*](#f1){ref-type="fig"}) were further hypothesized to form a large-scale network system where handwriting is accomplished through interactions between the nodal regions ([Fig. 1*B*](#f1){ref-type="fig"}). Interactions within and between the subsystems ([Fig. 1*B*](#f1){ref-type="fig"}; arrows) were further posited to utilize coupled oscillatory signaling as a dynamic mechanism for facilitating distributed, interregional processes (e.g., [@ref11]; [@ref129]; [@ref39]; [@ref114]). Functional networks operating at the low end of electrophysiological frequencies (\~1--15 Hz) have been found to support simple hand motor tasks ([@ref44]; [@ref87]) as well as handwriting ([@ref13]); sensorimotor cortical signaling also coheres with muscle rhythmicity at these frequencies ([@ref44]; [@ref13]; [@ref102]). In separate studies, corticocortical interactions at these low frequencies have further been associated with cognitive tasks, including working memory performance ([@ref106]; [@ref66]; [@ref134]) and processing of written language ([@ref63]). Moreover, the beta (\~13--30 Hz) and gamma bands (\>30 Hz) have been both linked with local motor-related cortical activity (e.g., [@ref105]; [@ref76]; [@ref19]), and they may also convey corticocortical interactions in motor as well as cognitive processes (e.g., [@ref12]; [@ref43]; [@ref82]; [@ref104]; [@ref68]; [@ref69]; [@ref98]).

The key functional question is how the existing interactions at different neural frequencies manifest sensitivity for each specific task. Phase synchrony of coherently oscillating signals is thought to provide temporal coordination and accuracy to interregional processing in order to facilitate binding and selective linkage of distant processes and to promote efficient mutual communication between regions ([@ref97]; [@ref129]; [@ref114]; [@ref72]). Behavioral relevance of corticocortical phase synchrony has been demonstrated, for example, in recording of neural activity during memory paradigms in primates ([@ref66]) and humans ([@ref81]; [@ref134]), as well as in interventional studies using transcranial stimulation ([@ref86]). The studies registering cortical activity have shown that increasing task-load is reflected as increased phase coupling. Taken this operational principle, we hypothesize that for a complex cognitive-motor task such as handwriting, the multiple interactions in the large-scale cortical network ([Fig. 1*B*](#f1){ref-type="fig"}) will each have their own sensitivities of phase synchrony related to the different processing levels of the task.

In the present experiment, variants of a handwriting task were contrasted to probe functional sensitivity of corticocortical interactions. These variants ([Fig. 1*C*](#f1){ref-type="fig"}) included real handwriting of auditorily presented sentences (RW), a sentence writing task where loop patterns substituted the regular script (LW), a sequential drawing task of patterns according to auditory cues (PD), and a simple task of repetitive loop production (LD). All these variants comprised rhythmic hand movements but differed in motor selection (handwriting or varied pattern series versus monotonous loops), linguistic processing (writing vs. drawing tasks), and memory-related task demands (readout of memorized sentences or movement cues vs. noninstructed production in the LD task; [Fig. 1*C*](#f1){ref-type="fig"}, see inset below).

We assumed that the studied task variants had a shared neural basis of task-relevant functional regions (e.g., [@ref140]; [@ref85]). Here, the first aim was to characterize task-sensitive modulation of common functional connections in that cortical network. The corticocortical connections-of-interest (COIs), determined as an average across the different task variants, were obtained with a data-driven MEG approach that estimates long-range interregional coherence \[Dynamic Imaging of Coherent Sources (DICS); ([@ref42])\]. The corticocortical COI estimation was complemented by mapping of coherence between the cortex and arm muscle activity. While linear coherence mapping was chosen as a robust tool for identification of COIs ([@ref42]; [@ref62]; [@ref128]), the subsequent quantification of task-dependent modulation of phase coupling between the nodal time series was done using the phase synchronization index (SI; [@ref120]), a more sensitive metric to also capture nonlinear interactions of noisy neural oscillators (cf. e.g., [@ref44]). To determine task-sensitivity as defined here, phase synchronization was contrasted between the task variants in each shared COI. A relatively stronger synchronization for one task than another was taken to indicate functional significance of a connection, associated with the specific differences in task features ([Fig. 1*C*](#f1){ref-type="fig"} below). The second aim of the study was to compare how the changes in corticocortical phase synchrony relate to the postulated large-scale, modular system ([Fig. 1*A*](#f1){ref-type="fig"}). The identified nodes were assigned to functio-anatomical subsystems whose spatial distribution was estimated with stereotaxic information from earlier literature. We expected that contrasts in motor task features would reveal interactions involving the pericentral subsystem, and linguistic content would engage the perisylvian-occipital subsystem, whereas cognitive and memory-related demands should highlight the frontoparietal subsystem.

Materials and Methods {#sec2}
=====================

Subjects and Tasks {#sec3}
------------------

Ten Finnish-speaking subjects (5 females; average age 29 years, range 20--40 years; one Finnish-Swedish bilingual) participated in the study. All the participants were right-handed (Edinburgh laterality index ≥80), and they reported frequently using handwriting for short notes. The participants gave their informed consent. The experiment was performed with a prior approval of the Helsinki and Uusimaa Hospital District Ethics committee (\#9--49/2000).

The experiment included four variants of a handwriting task that used a delayed dictation-to-writing/audio cue-to-movement paradigm ([Fig. 1*C*](#f1){ref-type="fig"}). The different task variants were performed in separate fifty-trial blocks. Each single trial comprised a warning signal (50-ms sine tone; 0.75-kHz) and a subsequent 1-s wait period, followed by the task-specific sentence/audio cue stimulus (mono sound, duration \~ 1.4 s; 0.5--5-kHz; mean intensities equated). A go signal prompted the start of the movement (50-ms sine tone; 1 kHz), constantly at 3.5 s after the warning cue (\~1 s from the end of sentence/audio cue stimulus). A 12-s time interval was reserved for performance (total trial duration 15.5 s).

In real handwriting (RW), the subjects heard sentences and subsequently wrote them in their habitual normal lettering. A new three-word sentence was presented in each of the 50 trials. The Finnish written language has a near perfect phoneme-to-grapheme correspondence and, therefore, the phonemic content of the heard sentences related highly regularly to the written patterns (the sentences were composed of 16--18 phonemes/letters; mean lengths of the 1st, 2nd, and 3rd word were 4, 6, and 7 phonemes/letters, respectively). All the sentences were semantically plausible, and they always started with a noun-verb pair followed either by a noun, verb, adjective, or adverb (e.g.,"Lintu laulaa puussa" \[Engl. transl."A bird sings in the tree"\]; "Kynä pitää teroittaa" \["The pencil must be sharpened"\]; "Kala on terveellistä" \["Fish is healthy"\]; "Into laantuu kohta" \["The enthusiasm dampens soon"\]).

The loop writing (LW) task was a kinetically simplified version of RW where participants wrote heard sentences using a series of upcurved loops to represent words instead of the normal handwriting pattern. The production of loop patterns has been utilized in writing research as a rudimentary counterpart of handwriting ([@ref122]; [@ref111]). While putting less demand on motor selection (cf., e.g., [@ref109]; [@ref30]), the LW task was essentially similar to the RW: the subjects memorized heard sentences and thought they were writing them while producing only the loop series. In the LW task, the subjects were presented with a unique set of 50 three-word sentences (composed of 16--18 phonemes/letters; mean lengths of the 1st, 2nd, and 3rd word were 4, 6, and 6 phonemes/letters). The word frequencies did not differ between the RW and LW task sentences \[Mann-Whitney test, *U*(299) = 10 714.5, *P* = 0.476, n.s.; Finnish PAROLE Corpus (University of Helsinki, 1998)\], nor did the distribution of phonemes (*χ*^2^(17) = 9.34, *P* = 0.92, n.s.; excluding categories "g", "d" and "ö" with \<5 entries per task). Three series of loops were produced to represent each word of a sentence. While the phonology of sentences was not mapped into produced letters, the words of the sentence still guided the movement in a sense that they framed the produced loop series, as the subjects imagined writing with them. Fluent, intuitive performance without counting letters was emphasized. Yet, the subjects were encouraged to engage in imaginary writing and take time with each word; a pair of loops to tick off words was not accepted as valid performance.

Pattern drawing (PD) task according to memorized auditory cues served as a simple nonlinguistic analog of handwriting. The PD task was deliberately simpler than the overlearned RW (variation of series of patterns vs. individual letters) to maintain fluency of production at similar levels. Three distinct auditory cues were constructed: they were 0.5--5-kHz white noise signals (speech sounds filtered to the same band) that differed in their amplitude profile (either one, three, or nine Gaussian segments), with a duration of 0.47 s to approximate the length of words. The subjects were trained to associate these cues with three different movement patterns (saw-edges, downcurved loops, and connected circles). Learning of these audiomotor associations was individually followed, and all the subjects managed to acquire them. In each trial, three consecutive cues were presented in a varied order and different combinations: there are 24 possible permutations for three items, excluding those where the same item is repeated three times. These permutations were used twice (plus two randomly picked permutations for a third time) to form a 50-trial block. In each trial, the subjects were asked to produce a short series of movement patterns (aiming at five to six) in correspondence to the heard cues. Similarly to the sentences in the RW task, the auditory cues were retained in working memory, and they instructed the selection of motor patterns for each produced series.

The loop drawing (LD) task consisted of monotonous, uninterrupted sequences of upcurved loops (filling the given writing space) that were produced in every trial. The LD task displayed conspicuous rhythmicity of movement. Unlike in the other conditions, the audio stimuli did not give any guidance for this performance, and the task constituted a simple baseline without invoking demands for memory retention and readout. Clips of unintelligible scrambled speech (each 50 RW sentence was segmented into 0.2-s samples, reversed and randomly assembled back together) replaced the guiding task-specific stimuli of the other tasks.

Recordings and Procedure {#sec4}
------------------------

Cortical activity was recorded with an Elekta VectorView whole-head MEG device (Elekta Oy, Helsinki, Finland; 204 planar gradiometers organized as pairs of orthogonally oriented sensors, 102 magnetometers). The analysis used the planar gradiometers which pick up the maximal neuromagnetic signal above an active cortical site. The recorded signals were filtered to 0.03--200 Hz and sampled at 600 Hz. The MEG coordinate system was aligned with the individual magnetic resonance images (MRIs) (MRIs; 3 T General Electric Signa system, Milwaukee, WI, USA) by attaching four Head Position Indicator (HPI) coils to the scalp. The location of these coils was determined by energizing them before MEG data collection. This information was aligned with anatomical landmarks using a 3D digitizer system (Isotrak 3S1002, Polhemus Navigation Science, Colchester, VT) and, after the measurements, with the MRIs.

Electromyography (EMG) was recorded and monitored, simultaneously with MEG, from the right palm (*pollicis*), forearm (*e. carpi; f. digitorum*), shoulder (*deltoid*), and upper back (*infraspinatus*) muscles using bipolar surface electrodes. The analysis focused on the forearm (*e. carpi*) muscle which showed salient rhythmicity for the present movement tasks and whose activity has been previously shown to contain information related to handwriting patterns ([@ref70]). Eye movements and blinks were monitored with electrooculography (EOG).

During the MEG/EMG measurements, the subjects were seated under the MEG helmet. Auditory stimulation was presented binaurally through plastic tubes and intracanal earpieces at a comfortable listening level. The subjects performed the graphical tasks with their right hand using a cotton-tipped plastic stylus. This left no trace on a tilted panel with low-friction surface (width 16 cm, height 12 cm). The visual feedback of the writing performance was obstructed with a panel placed over the subject's forearms. The subjects stared at a given fixation point on the opposite wall (a cross with \~ 1° visual angle), placed at approximately 21° elevation from the standard line of sight to counteract a potential head tilt towards the moving hand. Together, these procedures prevented efficiently eye movement artifacts in the MEG record, helped to retain an optimal orientation of the head within the MEG helmet, and emphasized hand somatosensory rather than visual feedback processing.

The subjects rehearsed all four tasks before the MEG measurement. To ensure vigilant performance, the experiment was conducted on 2 different days, on average 1 week apart. Each 50-trial task block (\~17 min) included four equally spaced 30-s intervals of rest (2 min rest in total). During the rest intervals, the subjects were instructed to relax with their eyes open, holding the stylus and without moving. The task blocks were presented in a pseudorandomized order. The one exception to this rule was that the PD task was always presented on the second day. This arrangement allowed two premeasurement training sessions for this task and helped the subjects to become attuned with the measurement protocol before performing this newly learned task.

Half of the subjects (*n* = 5) additionally gave samples of their spontaneous performance in LD and RW before the MEG measurements. Here, EMG signals and graphical traces (on paper) were collected simultaneously to determine the relationship between the muscle rhythmicity and rate of graphical production.

Analysis of Movement Time Windows and Frequency-Bands-of-Interest {#sec5}
-----------------------------------------------------------------

The EMG signals were high-pass filtered (\>10 Hz) and rectified in order to highlight the envelope of muscle activity bursts. Movement onset and offset times were collected individually by setting a threshold value to distinguish EMG signal from the baseline noise (on average 43% ± 6 SD of the maximum value in the mean EMG trace). An in-house algorithm searched, trial-by-trial, for the first threshold crossing to collect the onset time and for the subsequent crossing below the threshold (for at least 0.2 s) to collect the offset time. The MEG analysis was focused on the consistent, continuous interval of movement production in each individual: first, the mean duration of movements across trials was determined for each task. Second, the minimum of these durations was selected and an interval of 1 s further subtracted from it. The analysis was restricted to this time window for every trial of every task. This window was centered, trial-by-trial, at the midpoint of movement or, if necessary, positioned so that it started at least 0.5 s after the go signal. In this way, approximately 5 min of data were collected for each task, per each subject.

The MEG signals were preprocessed with the temporal Signal Space Separation (tSSS) method to suppress artifacts arising outside the head space ([@ref121]). Principal components (PCs) related to blinks and heart artifacts were removed as an extra precaution. The selection of frequency-bands-of-interest for the analysis of corticocortical interaction utilized information from the EMG-MEG coherence spectra, referenced to e. carpi muscle signal and the sensor-to-sensor MEG coherence spectra, quantified between sensors more than 10 cm apart, for each subject and task. The choice was guided by reference frequency bands: the delta/theta band, 1--8 Hz; low-alpha, 8--10 Hz; high-alpha, 10--12 Hz; low-beta, 13--19 Hz; high-beta, 20--30 Hz; low-gamma, 30--60 Hz; and high-gamma, 60--90 Hz \[median band limits collected from the literature ([@ref132]; [@ref14]; [@ref133]; [@ref25]; [@ref34]; [@ref115]; [@ref4]; [@ref15]; [@ref137])\]. At the frequency range where salient narrow-band spectral components were consistently distinguished (here \< 25 Hz), the reference band limits were individually adjusted to incorporate the local maxima at a certain band and align with the surrounding minima found in each subject's data. The MEG-MEG coherence data were used in the alpha and beta bands. The delta/theta band showed generally a flatter profile in the MEG-MEG coherence spectra. Therefore, the EMG-MEG coherence data were used for the low-frequency band selection. This approach also emphasizes the linkage of delta/theta frequencies to motor production (cf. [@ref22]; [@ref48]). Before visualization, the spectra were normalized within each subject to the mean level in the 1--90 Hz frequency range across tasks in order to compensate for interindividual variation in the overall coherence level.

Mapping of COIs {#sec6}
---------------

The DICS mapping of all-to-all corticocortical coherence ([@ref42]; [@ref62]) was used to identify, in a computationally tractable way, an unbiased set of COIs for subsequent evaluation of task-sensitive modulation of phase synchrony. Corticomuscular coherence was also mapped using DICS spatial filters. The DICS method is based on cross-spectral density matrices (CSDs) that represent linear dependencies of oscillatory signal components between the MEG sensors and between the MEG sensors and the EMG signal. Here, CSDs were calculated for each task as well as rest data with Welch's averaged periodogram method (Hanning 1024-point FFT-windows; 0.6 Hz resolution; 75% window overlap). Subsequently, the CSD data were projected individually into corticocortical estimates in the brain space with the DICS spatial filter. We focused on detection of long-range coherent connections, with the minimum distance set to 35 mm \[taken the resolution of \~ 2 cm of DICS mapping ([@ref67]), the distance criterion can be reasonably set at \>3--4 cm (e.g., [@ref68]; [@ref103])\]. The field spread inherent to electromagnetic field prevents reliable estimation of short-range coherence. The field spread varies across brain regions, and the true extent of the smoothness of the MEG estimates is further affected by the local power levels ([@ref45]; [@ref108]). We therefore chose to use a single consensus distance criterion that eliminates the most severe field spread effects, combined with contrasting of only power-matched conditions to further minimize any remaining influence of field spread. Coherence estimation was based on numerical maximization of coherence for a discrete set of source-orientation combinations (50 regularly spaced orientations of current flow at both ends of a connection, spanning the tangential source space with respect to a sphere at the center of the brain; approach applied, e.g., in [@ref103]). This implementation enhances sensitivity to true coherent sources even when their power levels are low; in contrast, using a single fixed orientation at each location may result in coherence estimates that are severely (and incorrectly) biased by distant high-power sources. The coherence estimation was performed separately within each hemisphere, as well as between the hemispheres using grids that were confined to the individual brain volumes based on anatomical MRIs. The grids were set to be spatially equivalent across subjects: the grid points with 6-mm spacing were first determined in the atlas brain and then elastically transformed into the individual brains ([@ref110]). This enabled group-level statistical estimates of coherence. The most anterior tip of the frontal cortex was excluded from the analysis due to its relatively poor sensor coverage. In the lead field calculations, individual single-layer spherical conductor models were used.

To identify an unbiased set of COIs, the coherence values individually averaged across the variants of handwriting task (task-mean; \~ 20 min of data) were contrasted with the mean coherence values in the rest data (8 min of data; collected as part of the task sessions), separately for each frequency band of interest. COIs were identified on the basis of elevated coherence for task performance (task-mean \> rest; paired, one-tailed *t*-statistics, *P* \< 0.0005, uncorrected). The shorter rest data set was considered sufficient for the comparison, as the stability of coherence estimation has been shown to increase asymptotically beyond 2--3 min of collected data ([@ref45]); importantly, this choice spared the subjects from extra (rest) measurements. The *P* \< 0.0005 threshold represented a tradeoff between avoiding both scarcity and saturation of the connectivity graphs. For the nodal coordinates of these candidate coherent connections, hierarchical clustering (Matlab clusterdata function; minimum of three connections) was performed using a weighted distance algorithm (across both end-points of the connections) with a 20-mm cut-off threshold (Euclidean distance criterion). This clustering merges the results into spatially focal bundles that are more likely to represent true interregional interactions than the more distributed patterns that may originate from field spread. Finally, the network nodes were determined, within spectral subranges (low corresponding to the delta-to-alpha range; mid to beta; high to gamma), by spatially clustering the end-points of the coherent connection bundles (within 20 mm from each other) and by taking the mean cluster coordinates to represent the particular nodal region (see Results). The spatial clustering was also applied to significant corticomuscular coherence results (paired, one-tailed *t*-statistics, task-mean \> rest data, *P* \< 0.0005) to identify the cortical areas that consistently cohered with the muscle activity. Power difference at each MEG sensor was tested for the studied frequencies (task-mean \> rest data/between tasks; paired, one/two-tailed *t*-statistics, *P* \< 0.05; false discovery rate corrected) in order to alleviate the risk of coherence estimates being affected by field spread.

Quantification of Task-Sensitive Modulation of Phase Coupling {#sec7}
-------------------------------------------------------------

The time series of activity at the COI endpoints were estimated for each subject with the DICS spatial filter, separately for each frequency-band-of-interest. Task-sensitive modulation of phase synchrony was then estimated for the COI time series using an entropy-based SI ([@ref120]). The SI values of the task variants (RW, LW, PW, and LD; each \~ 5 min of data) were contrasted against each other, pair-wise, with group-level significance evaluated using nonparametric permutation testing ([@ref77]): The original paired, two-tailed *t*-statistics were first calculated for the SI values in all coherent connections. Subsequently, the individual SI values of the two tasks were permuted in all possible combinations (1024 possible permutations for 10 subjects). At each permutation, *t*-statistics was calculated and the maximum *t*-score across the connections was stored, resulting in a distribution of 1024 *t*-values across permutations. The original *t*-values were then compared with this distribution, and *t*-values exceeding the 95% threshold were considered to represent a significant task-sensitive modulation.

Module Assignment of Network Nodes {#sec8}
----------------------------------

We hypothesized that the neurocognitive system mediating handwriting would be composed of pericentral (hand coordination), frontoparietal (core working memory) and perisylvian-occipital (audiovisual language) subsystems, located primarily in the left hemisphere. These subsystems ([Fig. 1*A,B*](#f1){ref-type="fig"}) were spatially estimated with the help of functional reference points \[MNI coordinates, or Talairach coordinates converted into MNI space, ([@ref64])\] derived from previous, independent neuroimaging data (10 meta-analyses using positron emission tomography or functional MRI data; one fMRI connectivity study). In [Figure 1*A*](#f1){ref-type="fig"}, this set of reference points was transformed into an individual cortical space ([@ref110]) for visualization.

For the pericentral subsystem, reference points were first collected from two meta-analyses on cortical substrates of writing ([@ref89]; [@ref84]), which identified the component that relates most prominently to motor aspects of the task (i.e., "peripheral", "linguistic/input controlled" component). To render the set more inclusive and generally representative of hand motor coordination, the collected reference points were supplemented with points from meta-analyses that identified cortical substrates of simple finger tapping ([@ref135]), hand motor function in young adults ([@ref124]), right-handed motor learning ([@ref50]), object manipulation ([@ref20]), and action representation in tool use ([@ref57]). Altogether, 29 reference points were compiled in the central sensorimotor and adjacent frontal and parietal regions (thus label "pericentral"), and they faithfully covered the regions of the Human Motor Area Template ([@ref74]).

The Purcell et al. meta-analysis ([@ref89]) distinguishes the "peripheral" motor component from a "central" (cognitive and linguistic) component of written language processing that involves regions in the temporal, temporo-occipital, frontal, and parietal cortices. This central component overlaps with the cortical representation consistently described for language tasks ([@ref131]), including regions reported in a seminal meta-analysis on semantic language tasks ([@ref8]). Indeed, the cognitive architecture supporting writing has been thought to center on semantic processes ([@ref89]). Using the regions of the Binder et al. report ([@ref8]) as nodes, a graph theoretical analysis of fMRI connectivity has uncovered a segregation of these regions into modules labeled as frontoparietal, perisylvian, and default mode networks ([@ref139]). These network nodes were used here as reference points for the frontoparietal and perisylvian-occipital subsystems; the coordinates of the default mode network were also collected (18 points). The reference points from Xu et al. analysis ([@ref139]) were supplemented, for the frontoparietal subsystem, with points taken from a meta-analysis on core cortical components of working memory function \[across different types of tasks ([@ref99]); altogether 14 points\] and, for the perisylvian-occipital subsystem, with points combined from meta-analyses of reading \[regions linked with early visual and prelexical processing of written forms ([@ref59])\] and of audiovisual processing of spoken language \[for congruent auditory and visual signals ([@ref35]); altogether 33 points\]. The reference points based on hemodynamic connectivity showed a marked overlap with those based on the meta-analyses of task-related cortical activation, but the task-related data further extended the reference set of the perisylvian-occipital subsystem to the occipitotemporal cortex.

Quantitative assignment of nodal regions found in the present data to these three estimated functional subsystems was based on the spatial proximity of a node to a reference cortical location described above. Taken the approximately 10--20 mm spatial resolution of MEG ([@ref67]), a node closer than 15 mm in the MNI space to a reference point was assigned to that functional subsystem.

Results {#sec9}
=======

Muscle Rhythmicity Settles at 2--5 Hz for the Variants of Handwriting {#sec10}
---------------------------------------------------------------------

All variants of the handwriting task ([Fig. 1*C*](#f1){ref-type="fig"}) were associated with sustained arm muscle activity that featured rhythmic bursts at approximately 2--5 Hz (see the fine-structure in EMG traces corresponding to the spectral peaks; [Fig. 2*A,B*](#f2){ref-type="fig"}). Motor performance was similar between the task variants and across the trials of MEG measurements; however, the RW task displayed a slightly longer duration (1.0 s), higher rate (1.1 Hz) and, on average, higher EMG amplitude at the beginning of the measurement session (see [Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). The salient muscle rhythmicity was linked with graphical performance ([Fig. 2*C*](#f2){ref-type="fig"}): When the extreme conditions of simple LD and complex RW were examined in a separate test on five participants, the peak frequency of the EMG spectrum directly corresponded to the rate of simple LD (cross-subject average rate 3.5 ± 0.6 Hz \[mean ± SD\]). In contrast, for RW, the EMG peaks consistently clustered near 5 Hz (4.9 ± 0.3 Hz) while the rate of letter production settled at approximately 2 Hz (1.9 ± 0.3 Hz) (analogously to the syllable and word rates of speech, for example, [@ref102]). Thus, unlike simple loops, an average letter consistently associates with 2--3 muscle activity bursts reflecting strokes needed for pattern construction.

![Arm muscle activity during movement sequences. (*A*) Example EMG traces (in a single subject) for each variant of the handwriting task. (*B*) Normalized mean EMG spectra (*n* = 10) for each variant of handwriting task (recorded from e. carpi arm muscle; high-passed, rectified signals; spectra normalized individually to the maximum value across tasks before averaging across subjects). (*C*) Individual EMG peak frequencies as a function of grapheme rate per second for letters (RW task) and loops (LD task) in spontaneous production (subset of *n* = 5).](bhz210f2){#f2}

Data-Driven Mapping of Corticocortical Coherence During Motor Performance Provides COIs for Characterizing Phase Synchrony {#sec11}
--------------------------------------------------------------------------------------------------------------------------

The EMG-MEG and MEG-MEG coherence spectra ([Fig. 3*A*](#f3){ref-type="fig"}), calculated across individuals and sensors, emphasized different frequency components in continuous motor production (reaching maximum at \~ 2--5 vs. 10 Hz, respectively). [Figure 3*B*](#f3){ref-type="fig"} displays the individual patterns of MEG-MEG coherence, calculated across tasks and sensors. The low- and mid-frequency ranges (below \~ 25 Hz) manifested spectral peaks ([Fig. 3*A,B*](#f3){ref-type="fig"}). In order to maximize representativeness, this spectral information was used to individually adjust the literature-derived reference band limits (see Methods). The delta/theta band was determined on the basis of the salient component in the EMG-MEG spectra, and the alpha and beta bands were determined from the MEG-MEG spectra. On average, 1.8 Hz (±1.6 Hz SD) adjustments were made to the reference limits. The group-average band limits were, at the low spectral range, 2--5 Hz for the delta/theta band (δθ) and 7--10/10--13 Hz for the low/high-alpha band (α1/α2). At the midrange, the band limits were 14--18/18--24 Hz for the low/high-beta band (β1/β2). As there were less distinctive spectral features within the high spectral range, fixed limits were used across the individuals for the low/high-gamma band (γ1/γ2; 30--45/60--90 Hz; avoiding the power-line artifact at 50 Hz).

![Coherent neural frequencies. (*A*) Normalized mean coherence spectra (*n* = 10) between the arm muscle and the MEG sensors located above the SMC (EMG-MEG; above) and the mean coherence spectra between pairs of left-sided MEG sensors at a minimum distance of 10 cm (MEG-MEG; below). For task abbreviations, see the Introduction. (*B*) The log-log plot of mean MEG-MEG coherence spectra for each subject (*n* = 10) averaged across the tasks. The specific frequencies of interest are indicated with Greek lettering.](bhz210f3){#f3}

The corticocortical estimates of task-related long-range coherence were mapped within each hemisphere and between hemispheres, separately for the low, mid, and high spectral ranges (task-mean \> rest data, pooled across the variants of handwriting task and frequency-bands-of-interest; one-tailed t-statistics, bundles of at least 3 uncorrected connections \[*P* \< 0.0005\] qualified as positive connection at each band; spatial clustering at the end points). These connectivity patterns ([Fig. 4*A*](#f4){ref-type="fig"}) provided data-driven COIs for subsequent characterization of task-sensitive modulation of phase synchrony. No parallelly occurring power modulation (task-mean \> rest data) was found at the studied frequencies at any MEG sensor (paired, one-tailed t-statistics, *P* \< 0.05; false discovery rate corrected), nor was there power modulation between the task variants (paired, two-tailed t-statistics, *P* \< 0.05; false discovery rate corrected). The coherence mapping was robust against changes of bundle size and distance criterion in spatial clustering ([Fig. 4*B*](#f4){ref-type="fig"}). The nodal regions found in the all-to-all corticocortical mapping extended well beyond the regions that were identified with corticomuscular coherence that is linked most directly to motor performance ([Fig. 4*C*](#f4){ref-type="fig"}).

![Mapping of the COIs. (*A*) Networks comprised of the coherent COI mapped at the low, mid, and high spectral ranges within and between the left and right hemispheres. (*B*) Robustness of identifying the coherent nodes (exemplified at low frequencies in the left hemisphere) when the clustering parameters of mapping were varied (bundle sizes 2--10; distance criterion 15--25 mm; rendering a total of 99 parameter combinations). The color-coding represents the number of parameter combinations that revealed a specific node. Black dots indicate the nodes selected for the present mapping (with bundle size of 3 and distance criterion 20 mm). (*C*) The nodes of corticocortical coherence (yellow) at the low spectral range superimposed with the regions (red) showing corticomuscular coherence (at \~ 2--5 Hz).](bhz210f4){#f4}

Task-Sensitive Modulation of Corticocortical Phase Synchronization Reveals Distinct Functional Elements Supporting the Variants of Handwriting {#sec12}
----------------------------------------------------------------------------------------------------------------------------------------------

[Figure 5](#f5){ref-type="fig"} illustrates the corticocortical elements manifesting task-sensitive modulation of phase synchrony for the different variants of the handwriting task ([Fig. 1*C*](#f1){ref-type="fig"}). For each COI derived from the coherence mapping within and across the hemispheres, SI values were calculated for the task variants, and the tasks were contrasted against each other (maximum-statistics permutation testing based on paired, two-tailed *t*-statistics, 95% threshold for significance). [Table 1](#TB1){ref-type="table"} summarizes these task-modulated connections (a--q), excluding one extremely weak connection in the right hemisphere.

![Task-sensitive corticocortical phase synchronization in the left and right hemispheres (*A*) and across the hemispheres (*B*). The cortical surface view illustrates the corticocortical connections (a--q), which showed modulated phase synchrony for the different variants of handwriting task ([Fig. 1*C*](#f1){ref-type="fig"}). Color-coding refers to the spectral ranges. The bar graphs (below) show SI values (±SEM) for each connection. Task contrast (*n* = 10; maximum-statistics permutation testing based on t-statistics, 95% threshold) and the frequency band of the effect are indicated. Note the different ranges of y-axis values and the fact that permutation testing can highlight statistical differences that do not fully comply with the apparent differences in mean SI levels (see, e.g., connections p and q).](bhz210f5){#f5}

###### 

Corticocortical connections showing task-sensitive modulation of synchrony for the variants of handwriting

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
  Connected regions                                        MNI (x,y,z; x,y,z)              Effect        Band   Mean SI (Δ%[^a^](#tblfn1){ref-type="table-fn"})
  -------------------------------------------------------- ------------------------------- ------------- ------ -------------------------------------------------
  *Left hemisphere*                                                                                             

  a\. IFC---IPS                                            (−50, 15, 20; −29, −47, 39)     RW \> LD      δθ     0.190 (4)

  b\. vPM---dPM                                            (−43, 4, 33; −16, −13, 64)      LD \> PD/RW   α1     0.207 (7/4)

  c\. STS---IOC                                            (−48, −38, −2; −28, −78, −6)    LW \> LD      α1     0.210 (7)

  d\. TPOj---POC                                           (−41, −59, 15; −20, −81, 43)    LD \> RW      α2     0.178 (7)

  e\. SMC---SMA                                            (−45, −19, 58; −13, 8, 50)      RW \> LW      β1     0.271 (51)

  f\. IPL---dPM[^b^](#tblfn2){ref-type="table-fn"}\        (−49, −48, 48; −28, −16, 68)\   RW \> LD      β2     0.178 (28)
  g. IPL---SMC[^b^](#tblfn2){ref-type="table-fn"}          (−49, −48, 48; −41, −14, 55)                         

  h\. IPoCS---SPoCS                                        (−51, −24, 34; −27, −41, 58)    PD \> LW      β2     0.128 (13)

  i\. IPL---POper                                          (−50, −48, 49; −63, −14, 27)    PD \> LD      γ1     0.107 (50)

  *Right hemisphere* [^c^](#tblfn3){ref-type="table-fn"}                                                        

  j\. POper---dPM                                          (63, −16, 16; 13, −8, 58)       PD \> LD      δθ     0.214 (12)

  k\. POper---SFC                                          (48, −25, 21; 29, 6, 46)        PD \> LW      β2     0.214 (27)

  *Across hemispheres*                                                                                          

  l\. lSPL---rSPL                                          (−20, −64, 67; 21, −45, 57)     PD \> RW      α1     0.220 (8)

  m\. lvPM---rSMA                                          (−59, −1, 31; 5, −11, 51)       LD \> LW      α2     0.173 (3)

  n\. lSMC---rSMA                                          (−61, −11, 24; 5, −11, 51)      LD \> LW      α2     0.176 (3)

  o\. lMPL---rSMA                                          (−9, −60, 46; 4, −20, 67)       LW \> PD      α2     0.180 (4)

  p\. lSFC---rSMC                                          (−18, −3, 60; 44, −19, 55)      LD \> PD      β1     0.146 (10)

  q\. lSPL---rdPM                                          (−19, −46, 64; 38, −15, 68)     PD \> LD      γ2     0.049 (36)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------

^a^Δ%, percentual change of the mean SI level between the contrasting tasks.

^b^These connections were treated as representing one functional connection.

^c^One task-sensitive connection (between the right occipital \[MNI 7, −78, 30\] and anterior temporal \[52, 15, −30\] cortices, PD \> LD) was excluded from the results, as its SI values (mean 0.05 ± 0.002 SD) remained under the 5th percentile of the SI distribution of the other connections (mean 0.18 ± 0.07 SD).

d/vPM; IFC, inferior frontal cortex; IOC, inferior occipital cortex; IPL, inferior parietal lobe; IPoCS, inferior postcentral sulcus; IPS, intraparietal sulcus; MPL, medial parietal lobe; POC, parieto-occipital cortex; POper, parietal operculum; SFC, superior frontal cortex; SMA; SMC, primary sensorimotor cortex; SPL, superior parietal lobe; SPoCS, superior postcentral sulcus; STS, superior temporal sulcus; TPOj and l/r, left/right hemisphere.

Out of 17 significant connections, nine were located within the left hemisphere ([Fig. 5*A*](#f5){ref-type="fig"}). At low frequencies, there were diverse task effects that represented subtle changes (4--7%) in cortical population synchrony ([Table 1](#TB1){ref-type="table"}, left hemisphere). The delta/theta synchronization between the inferofrontal and intraparietal cortices (connection a) was stronger for the RW than for the LD task. In contrast, the low-alpha synchronization between the dPM and vPM (b) was stronger for the repetitive LD than for the motorically more varied PD and RW tasks. At the same band, the superotemporal and infero-occipital cortices (c) synchronized more for the LW than LD task. Moreover, synchronization at the high-alpha band was stronger for the LD than real writing task between the temporo-parieto-occipital junction (TPOj; lower part of the angular region) and the parieto-occipital cortex (d).

The mid-to-high frequency range showed relatively greater changes in phase synchrony (13--51%) than the lower frequencies, and the stronger synchronization always favored a more varied motor task in comparison with a simpler variant. The most prominent modulation among all task-sensitive effects was the stronger low-beta synchronization for the RW than for the LW task between the left-hemisphere hand SMC and the (pre−/) supplementary motor cortex (e). At the high-beta band, the inferior parietal cortex (near the intraparietal sulcus) and two nodes in the premotor/ precentral cortex (f, g) synchronized more strongly for the RW than LD task. At the same band, the inferior and superior postcentral regions (h) synchronized more for the PD than LW task. At the low-gamma band, there was stronger synchronization between the left inferior parietal and parieto-opercular cortices (i) for the PD than LD task.

Within the right hemisphere ([Fig. 5*A*](#f5){ref-type="fig"} and [Table 1](#TB1){ref-type="table"}, right hemisphere), two connections highlighted the PD task: the parieto-opercular cortex showed task-sensitive synchronization with the premotor cortex at the delta/theta band (j) and with the superior frontal cortex at the high-beta band (k). Across hemispheres, there were six task-modulated connections ([Fig. 5*B*](#f5){ref-type="fig"} and [Table 1](#TB1){ref-type="table"}, Across hemispheres): The left and right superior parietal cortices showed stronger low-alpha synchrony for the PD task than for the handwriting task (l). At the high-alpha band, the left ventrocentral regions (m, n) synchronized more strongly with the right SMA region in the LD than LW task, whereas the left medioparietal cortex synchronized more strongly with the right superior frontal cortex in the LW than in the PD task (o). The left superior frontal region showed stronger low-beta synchrony with the right SMC for the LD task when compared with PD (p). By contrast, there was weak high-gamma synchrony between the left paracentral and right premotor/hand sensorimotor regions (q), which was stronger for the pattern than LD task.

Here, we applied SI to quantify the task-sensitive modulation of phase synchrony within the identified networks. We also tested how well the SI-based modulations would have been detected with coherence that captures the linear aspects of the same phenomena. Out of the 17 connections that showed significant modulations with SI, 12 reached significance also with coherence. The finding suggests that SI is a more sensitive measure for capturing fine-grained modulations of phase synchrony than coherence. This results from the increased variance of coherence (due to amplitude modulations) compared with SI (3.4 times higher level of SD/mean relationship for coherence than SI values in the identified connections) and the insensitivity of coherence to nonlinear phase relationships.

The Nodes of Task-Modulated Synchrony Align with the Postulated Subsystems of the Handwriting Network {#sec13}
-----------------------------------------------------------------------------------------------------

The cortical layout of the three postulated subsystems (pericentral, frontoparietal, and perisylvian-occipital; [Fig. 1*A*](#f1){ref-type="fig"}) for handwriting was spatially estimated using 76 stereotactic reference points that have shown relevant functional sensitivity in previous literature ([Fig. 6](#f6){ref-type="fig"}; cf. Methods). Out of the 18 nodes identified for task-modulated connectivity within the left hemisphere in the present study, 17 matched closely with one of the reference points (at the distance of 5--14 mm; criterion of \< 15 mm distance in the MNI space). The one remaining node found a close match with a reference coordinate related to the so-called default mode system (distance 5 mm; gray). Task-sensitive connectivity ([Table 1](#TB1){ref-type="table"} and [Fig. 5](#f5){ref-type="fig"}) was found within each subsystem (connections b, e, h within pericentral; a within frontoparietal; c within perisylvian-occipital) and between the pericentral and frontoparietal subsystems (f, g, i). The node found in the default mode system interacted with a node assigned to the perisylvian-occipital subsystem (d).

![Assignment of the nodal regions to the postulated cortical subsystems. The plot (3-dimensional MNI data projected to the y-z plane) illustrates the nodes of the task-sensitive connections (larger connected circles) and the reference points (smaller circles) for the postulated subsystems that support handwriting (pericentral in green, frontoparietal in blue, and perisylvian-occipital in red; see [Fig. 1*A,B*](#f1){ref-type="fig"}), and points representing the "default mode" system (gray). Each connection is labeled (a--i) as in [Figure 5](#f5){ref-type="fig"}.](bhz210f6){#f6}

Discussion {#sec14}
==========

The participants produced variants of a handwriting task that ranged from real and motorically simplified writing to sequential drawing of varied patterns and monotonous loops. When these variants with their specific motor, linguistic, and cognitive task demands were contrasted, we found that phase synchronization was modulated in a set of functional corticocortical connections. In the left hemisphere, a diverse pattern of task-sensitive modulation was observed for low-frequency synchrony (\~2--13 Hz) between nodal regions extending to the temporal and occipital cortices, whereas stronger phase synchrony in the beta-to-low-gamma range (\~13--45 Hz) was uniformly associated with the motorically more complex task variants and delimited to the central and frontoparietal connectivity. A few task-sensitive connections were also identified in the right hemisphere, as well as a number of connections across hemispheres, with none of them specifically highlighting the regular handwriting task. In correspondence to the hypothesized cortical network system ([Fig. 1*A,B*](#f1){ref-type="fig"}), the task-modulated connections were found primarily within and between the pericentral (hand coordination) and frontoparietal (core working memory) subsystems, and only a single connection was detected within the perisylvian-occipital (audiovisual language) subsystem.

Task-Sensitive Corticocortical Synchrony and the Postulated Subsystem Model {#sec15}
---------------------------------------------------------------------------

The identified left-hemispheric nodes of task-modulated interactions overlapped and aligned with the estimated spatial configuration of the postulated functio-anatomical subsystems ([Fig. 1*A,B*](#f1){ref-type="fig"}). Task-sensitive modulation of interactions within each subsystem was observed at the delta/theta or low-alpha frequencies; beta-to-low-gamma band manifested task-sensitive modulation of synchrony within the pericentral subsystem and from the pericentral subsystem to the frontoparietal subsystem. Indeed, the majority of the modulated interactions were found within and between the pericentral and frontoparietal subsystems (see the next section), suggesting that the task-sensitive adjustment of phase coupling mainly involved the interconnected regions coordinating motor output and mediating working memory processes that supported the to-be-produced movements ([Fig. 1*B*](#f1){ref-type="fig"}).

Separate, functionally distinct low-alpha synchrony was observed within the perisylvian-occipital subsystem (connection c; [Fig. 5](#f5){ref-type="fig"}). In previous perceptual studies, temporo-occipital interaction at the alpha band has been associated with written language and audiovisual processing ([@ref63]; [@ref17]; [@ref123]). Here, with no direct visual stimulation, the effect of relatively stronger synchrony for the LW than LD task likely relates to the linguistic context of hand movements, as the motor demands were practically equivalent in the contrasted tasks. Notably, though, this connection showed only an intermediate level of synchronization for the RW task. This apparently counterintuitive finding may be interpreted in terms of the overlearned nature of real writing that presumably emphasized hand sensorimotor rather than audiovisual processing during production. It may be speculated that the present LW task promoted covert audiovisual processing in form of pronounced internal simulation of phonemes and letter forms of the sentences (or even, e.g., counting the letters, against instructions).

The posterior perisylvian cortex hypothetically interacts with the frontal and parietal regions in association with writing performance as part of the readout process of the verbal message to motor output (see discussion in [@ref101]). Here, writing-sensitive phase synchronization from the perisylvian-occipital subsystem to the frontoparietal and/or pericentral subsystems was not detected, suggesting that this type of coupling may not play a notable and temporally sustained role in an on-going writing process \[cf. transient interaction in oral word repetition ([@ref37])\]. While a relatively small number of participants, specific metrics of interaction and a nongenerative type of writing task may contribute to the negative finding, it is noteworthy that the perisylvian nodes have, indeed, not been the most consistently activated substrate of writing (cf. [@ref84]).

Outside the subsystem model, a node assigned to the default mode system was coupled with the posterior perisylvian cortex (that also bordered the lateral "default mode" reference locations) and this synchrony at the high-alpha band favored the most monotonous task variant; this type of connection fits with the mediolateral connectivity of the default mode system that has been linked with alpha-band activity ([@ref16]) and with relative disengagement from externally oriented task performance ([@ref38]; [@ref90]).

Task-Sensitive Modulation of Corticocortical Synchrony for Handwriting Versus Loop Production {#sec16}
---------------------------------------------------------------------------------------------

A similar set of cortical regions mediates writing and closely related motor tasks ([@ref140]; [@ref85]), and the present characterization provides insights into the task-sensitive modulation of the individual connections within a functional network formed by such regions. Here, the actual handwriting task showed stronger phase synchrony than the simple loop production variants in the left SMC-SMA, parieto-premotor, and parieto-frontal connections. This set of corticocortical elements can be interpreted to reflect different levels of cognitive-motor processing, despite their comparable functional sensitivity.

Within the putative precentral subsystem ([Fig. 1*A,B*](#f1){ref-type="fig"}), the low-beta SMC-SMA coupling (connection e; [Fig. 5](#f5){ref-type="fig"}) featured the most salient synchronization effect. As the contrasted tasks (RW \> LW) differ in motor variability but not in linguistic content as such, this finding aligns with the pivotally motor-related role of these two cooperating regions (see [@ref84]). Beta-band signaling and interareal coupling has been linked with SMC, SMA, and the associated subcortical nuclei (e.g., [@ref105]; [@ref43]; [@ref79]), and SMC-SMA interaction at these frequencies has shown sensitivity to complexity of finger movement sequences ([@ref71]; [@ref9]). The present data extend these findings to stylus use and shows enhanced beta-coupling for complex rather than simple coordination of writing-related movements.

At the high-beta band, the parieto-premotor synchrony (connections f and g; [Fig. 5](#f5){ref-type="fig"}) contrasted between the task variants with the most and least cognitive-motor demands (RW \> LD). The observed corticocortical synchrony represented interaction between subsystems (frontoparietal--pericentral; [Fig. 1*B*](#f1){ref-type="fig"}): the posterior parietal cortex can be viewed to harbor more abstract (or sensory-based) representations of intended movement ([@ref56]; [@ref40]; [@ref29]; [@ref96]), whereas the dPM/precentral region, critically associated with handwriting ([@ref116]; [@ref100]), seems to be more concretely involved in motor production and incorporate parietal influence (see [@ref41]). Indeed, the cooperation between these two regions likely reflects cognitive-motor guidance of writing movements. In support of this view, previous studies have associated beta-band interaction between the premotor/precentral and parietal cortices with (transient) cognitive-motor tasks ([@ref21]; [@ref73]), possibly serving as a type of filter mechanism for task-relevant interregional neural processing ([@ref2]).

Between the intraparietal and inferior frontal nodes of the frontoparietal subsystem (connection a; [Fig. 5](#f5){ref-type="fig"}), task-sensitive synchronization was found at the delta/theta band that links with motor performance but has also been associated with sustained neurocognitive processing in the frontoparietal cortex (e.g., [@ref27]; [@ref117]). While there were memory requirements in the LW and PD tasks ([Fig. 1*C*](#f1){ref-type="fig"}), the combination of verbal memory retention and complex motor patterning of handwriting highlighted higher temporal accuracy of interregional coupling when compared with simple motor patterning. Indeed, as core substrates for cognitive processing, activity of these regions has been related to both verbal memory maintenance and segmental processing of motor sequences (e.g., [@ref138]; [@ref10]). Thus, the task-sensitive frontoparietal synchrony seems to reflect stability of the cognitive frame that supports production of elaborate sequences.

In contrast, the left ventral and dorsal premotor cortices (connection b; [Fig. 4](#f4){ref-type="fig"}) showed stronger low-alpha synchrony for the monotonous loop production than for either the varied PD or RW tasks. This frequency band of synchrony has prominently manifested in earlier characterization of corticocortical interactions during continuous motor production ([@ref44]; [@ref87]; [@ref13]), but the present effect may seem unexpected as the premotor cortical regions have been widely associated with complex rather than simple movements. Notably, though, the mutual interaction of the functionally distinct vPM and dPM cortices has remained largely unresolved ([@ref127]). Indeed, the present finding suggests relatively independent contributions from these regions in a complex motor task \[note the particular role of dPM in handwriting ([@ref116]; [@ref100])\] or, conversely, that less motor variation leads to elevated low-frequency synchrony between them.

Furthermore, unlike other task variants, the PD task required mapping of newly acquired auditory cues to specific motor outputs. This may explain the enhanced beta-coupling of the left inferior and superior postcentral regions (connection h; [Fig. 4](#f4){ref-type="fig"}; cf. [@ref12]; [@ref111]), which have been collectively linked with sensory and sensorimotor integration (e.g., [@ref112]; [@ref95]). The opercular regions that relate to secondary somatosensory processing ([@ref51]; [@ref32]) were also bilaterally involved in the synchronous connections that were enhanced for the newly acquired task. In the left hemisphere, the opercular-parietal synchrony at the low-gamma band (connection i; cf. [@ref58]) potentially associates with interregional processing of reafferent signals that update higher-order movement goals. The two right-hemispheric connections from the opercular region to the dorsal frontal cortex (connections j and k) may link with sensorimotor and attention-related processing (cf. [@ref24]; [@ref84]); the delta/theta and high-beta frequencies of these interactions could reflect spectrally distinct functions, such as bottom-up and top-down interactions ([@ref6]; [@ref3]).

Across the hemispheres, synchronous connections also emerged to highlight either the PD task (connections l and q) or simple loop production variants (m, n, o and p). Representing the latter type, there was a low-beta-band connection between the left superior frontal cortex and the right ipsilateral SMC (connection p), which may be compared with the left SMA--(contralateral) SMC connection (e) that favored RW. There were qualitative similarities in the mean SI profiles of these connections ([Fig. 5*A,B*](#f5){ref-type="fig"}) but, importantly, the tested task-sensitive modulation differed between them, suggesting also functional differentiation. Moreover, a task-modulated connection was found between the right and left parietal cortices that synchronized, in the low-alpha band, more for the PD than handwriting task (l). This noteworthy effect is in line with the enhanced bilateral parietal involvement that has been previously reported for drawing in comparison with writing (cf. e.g., [@ref88]).

Methodological Considerations {#sec17}
-----------------------------

The present characterization of phase synchrony focused on long-range corticocortical connections that can be reliably determined from noninvasive electrophysiological recordings and on consistent connectivity patterns during unfolding production of the handwriting variants; unavoidably, this approach may overlook some local or transient interactions. The modulation of phase synchrony, as quantified between the task variants, allows relative characterization and does not determine if changes should be interpreted as elevations or suppressions of phase coupling with respect to some generic baseline. It should also be noted that we identified task-sensitive modulations of synchrony in the interregional connections shared by the different tasks and did not aim to determine spatially distinct task-specific network components as such levels of synchrony could not be directly compared between tasks. A rather small sample (*n* = 10) seemed sufficient for this characterization, in line with previous reports of coherence mapping during motor tasks (cf. [@ref44]; [@ref13]), but caution should be exercised particularly in interpreting negative findings. The present pattern of phase coupling relates to the specific writing conditions where the subjects did not have typical visual feedback; corticocortical interactions associated with the visual and oculomotor processes of writing warrant a separate examination.

Concluding Remarks {#sec18}
------------------

We found task-sensitive modulation of phase synchrony in the corticocortical elements that aligned with the hypothesized modular network of handwriting. Synchronies within and between the putative pericentral and frontoparietal subsystems were enhanced for regular handwriting, reflecting different processing levels of motor coordination, cognitive guidance of movement and working memory maintenance of cognitive frame; a separate enhancement of perisylvian-occipital synchrony was found when the endpoint of the writing task was a simplified output pattern. As a metric of population-level cortical dynamics, phase synchrony of interregional connections was shown here to reflect distinct cognitive-motor demands in production of movement sequences.

Funding {#sec20}
=======

This work was supported by the Academy of Finland (grant number 257576 to J.K.; 255349, 315553 to R.S); Finnish Cultural Foundation (grant number 00170944 to T.S.); Finnish Funding Agency for Technology and Innovation (SalWe Strategic Center for Science, Technology and Innovation in Health and Well-being; grant number 1104/10); and Sigrid Jusélius Foundation (no assigned grant number).

Notes {#sec21}
=====

We thank Mr Jyrki Kippola for help with stimulus material.

Supplementary Material
======================

###### 

Click here for additional data file.
